Getting connected whenever and wherever you travel is not kind of luxury any more. Satellite communication researchers are making it a reality to bring you data, video, and voice services when you are away from home, out of office, or on a long journey. Satellite communication antenna mounted on mobile ground terminals is an essential prerequisite of successful connectivity. In this paper, we review the evolution of this kind of antenna in its historical context and outline the major research achievements on ground mobile terminals. Many striking demonstrations and prototypes are revisited to understand the emerging technologies and assess their potential towards practical implementations. The future trends and challenges are also discussed.
Introduction
Owing to promise of global coverage and excellent versatility, satellite communications (SatCom) constantly tailor the basic telecommunication needs of many countries even though humankind had entered into the era of broadband internet and optical fiber communication. 60% of the nearly 3,600 operating satellites as of May in 2015 are communications satellites. The TAURI group of satellite industry association (SIA) revealed that the satellite consumer equipment including mobile satellite terminals grew 22% in 2014 and mobile satellite services (voice and data) 6% [1] . This report manifests that mobile satellite communication (MOST) becomes a key growth point of the overall satellite industry which only had a growth of 3% in the same year [1, 2] . As illustrated in Figure 1 , satellites are devoted to constantly and efficiently connect people in airplanes, ships, terrestrial vehicles, and so forth [3, 4] . Passengers holding smart phone or lap-top in the air would benefit in-flight connectivity to access internet or entertain streaming video. Travelers on fast moving vehicles demand constant connectivity to keep in touch and make important calls [5, 6] . Ship personnel may benefit from crew connectivity with the latest maritime information such as chart updates, engine monitoring, and weather routing broadcast. The backpack terminals have to be quickly and reliably deployed to support connectivity in harsh and emergent conditions. To fulfill these missions, the solutions leveraging on terrestrial mobile communication infrastructures, typically like long-term evolution (LTE), are relatively slow, expensive, and regional and are not easily scalable. SatCom is an attractive alternative because of its superior reliability, cost effectiveness, excellent accessibility, and scalability [7] .
Without any exception, SatCom is always delivered by antennas that transmit and receive the modulated radiofrequency (RF) carriers through absorptive atmosphere [8] . Apparently, the uplink and downlink antenna systems are the key enabling payload on satellite terminals [9] . There is little work in literatures to systematically review MOST antennas and update new knowledge added to this field. On the other hand, MOST antenna is a flourishing research area that attracts continuous market interest. This paper focuses on the SatCom antennas on mobile ground terminals, scrutinizes the matured product in the market, retrospects the evolution of fundamental design concepts, evaluates the applicability of the emerging technologies, and discusses the future trends and challenges.
First of all, the antenna electrical performance must comply with the basic mission requirements of SatCom [8, 10, 11] . (a) SatCom is kind of long-distance point-to-point radio link with a line-of-sight propagation mode. A SatCom antenna must have good enough beam quality, including high gain, narrow beamwidth, suppressed sidelobe, and low cross-polarization, to highly concentrate on the communication object. With limited electric power supply and given microwave path, a high gain means a high effective isotropic radiated power (EIRP) of transmitting antenna or a high gain/system noise temperature ( / ) of receiving antenna. Narrow beamwidth and suppressed sidelobe are critical to prevent transmitting signals to and receiving them from undesired directions, which may cause multipath fading and unwanted interference to other SatCom systems. (b) SatCom has the absorptive atmosphere as its transmission medium, which imposes constraint on frequency usage [12] . In addition, frequency allocation at different regions and services are managed by international telecommunication union (ITU) because of such a limited natural resource. Currently the band dominates in the civilian applications. More than 240 satellites in the sky were equipped with band payload. It features in the use of very small aperture terminals, the bandwidth availability, and global coverage.
band is mainly used for military purpose. Notably more and more band satellites are deployed worldwide, which potentially promises a larger data rate than the congested band [13] . (c) Polarization is another important aspect. Linear polarization (LP) and circular polarization (CP) are commonly used for SatCom. Basically LP transmitter calls for strict polarization alignment on the receiver side. CP signal passes through rain with less loss. The orthogonality of both polarizations allows increasing channel capacity by sharing the same frequency. So far LP dominates in receiving terminals, whereas CP becomes popular in ones. Other than these, MOST sets extra demands on antenna performance. (a) The beam scanning capability is foremost critical. The relative motion of position and orientation between SatCom objects demands that the antenna should be swiftly steerable to establish and maintain the link. A typical example is the satellite call. Unrestricted mobility must be provided to get continuous service both in the short term during calls and in the long term across large geographies. (b) In a variety of environments, portability is a limiting factor of effectiveness and practicality. It remains a challenge to put bulky and heavy antennas on small aircrafts such as light business jets. The massive protuberance on the aircraft adversely affects the platform's aerodynamic performance. In both military and disaster management situations, the antenna may be backpacked on the mobile personnel so that lightweight is indispensible for practical usage [14] .
Many companies have launched their versions of products. Let us start to review the evolution of antenna concepts. The working principle and basic structures of each are briefly introduced first. Followed is the typical demonstration or prototyping to understand the status of technology. The advantages and deficiencies are discussed as well. Dish antenna, phased arrayed antenna, and reflectarray antenna are elaborated first as they had experienced long-term development yet. The metamaterials-inspired concepts are reviewed separately since that is where recent innovations are converged. Based on the comprehensive survey, our understanding on the future trends and challenges is presented.
Dish Antenna and Its Derivatives
The mainstream type of antenna used at ground station and on the geostationary satellites to transmit/receive radio frequency (RF) wave is the so-called dish antenna. A dish mainly adopts a parabola shape to reflect the incoming parallel beams to a focal point on a receiving terminal. The antenna gain is approximately related to the dish diameter by = ( / ) 2 , where and are the wavelength and antenna efficiency, respectively. accounts International Journal of Antennas and Propagation 3 for all imperfections, including losses, uneven illumination, and spilling off at the dish edges. A moderate can only be achieved by careful manufacturing to control the fluctuation of the parabolic surface well within ≈ /50. In addition, the feed horn must be accurately located at the phase center of the focused beam. These are chief factors that cause dish antenna to be expensive [15] . Parabolic dish antennas are able to provide very high levels of gain and directivity, which makes it almost exclusively used in many applications, such as direct broadcast television, terrestrial microwave links, satellite uplinks, and radio astronomy. The steerability of dish antenna is commonly acquired by mounting it on a mechanical gimbal. The gimbals are mainly oriented in two orthogonal axes: -or azimuth-elevation. The former does not have the keyhole problem near its zenith position because the fixed axis points to the horizon but has a large sweep volume for a given antenna aperture. The latter provides a cost-effective and less complicated antenna system for tracking satellite vehicles once the keyhole problem is successfully alleviated [16] . Moreover, it has substantially smaller sweep volume and overall size than a corresponding -gimbal antenna.
Research on mechanical dish antenna for MOST becomes less in that this field is more engineering than science now. However, the effort that people devotes to the miniaturization and modification of mechanical dish antenna does not end [17] [18] [19] [20] [21] . For example, the low-profile band antenna marketized by the company "mobile satellite communication" provides us with a feel of this direction [21] . As shown in Figure 2 , the antenna reflector is structured to a fraction of dish and placed at the center of the dome to maximize the antenna aperture for high gain purpose. It is tiltable to change the elevation angle. The front-end electronics are behind the antenna reflector. The feeding antenna pops out its horn from the bottom of the reflector and illuminates a hyperboloidal secondary reflector at the focus of the reflector. All the components are mounted on a rotatable stage to acquire the scanning capability at azimuthal angles. This configuration is essentially an off-axis Cassegrain antenna [22] , in which the feed antenna does not directly illuminate the main dish so that the main spilling-over sidelobe is filtered before arriving at the main dish. This design features in a small aspect ratio (1/4) by appropriately arranging antenna building blocks. Gimbal mounted dish antenna is certainly effective in electrical performance. But the bulky and heavy mechanics are not ideal for MOST. The mechanical servos, gears, drive motors, and belts require time-consuming, expensive maintenance, and robustness to conquer erratic movement. For military use, it also has bad invisibility to radar detection. The big head of the "predator" in Figure 1 is a good example, which is specifically designed to accommodate a dish antenna. For airborne terminals and vehicles on rugged terrain, it is almost compulsory to achieve small volume to avoid protrusion outside the aircraft and electronic scanning to assure fast and precise tracking.
The early equation indicates that is almost just determined by antenna aperture size. Significant volume reduction can only be from the profile thickness, which directly leads to flat-panel design. Flat-panel antennas outperform their larger predecessors through the miniaturization of all possible functional parts in microwave system. All transmission, reception, conversion, cooling, and amplification equipment are embedded within a single unit to achieve low profile [23] .
The remaining text will primarily focus on those concepts which promises flat-panel designs.
Phased Array Antenna
A phased array antenna (PAA) is composed of a number of radiators, a number of phase shifters, and a feeding network. It is well known that the radiation pattern of such a multipleantenna system can be reinforced in favorite directions and suppressed in undesired directions by appropriately feeding the relative phases of the constituent antennas. The frontend electronics include power amplifier on transmitter side and/or low noise amplifier on receiver side. The feeding network takes various forms but basically consists of a combination of serial and parallel connections for power division. As far as a transmitting radiator is concerned, the RF signal is generated by mixing a low intermediate frequency (IF) signal and a local oscillator (LO) signal via upconversion. The phase shifting function may be implemented at different stages, after the LO path, after IF path, or after mixer [24] . Different arrangements have difference in the following aspects: (a) the number of mixers, (b) the number of power combiners/dividers, and (c) the operation frequency that the power combiners/dividers operate. The outcome is different system complexity and power consumption.
The way of using PAA for mobile SatCom purpose is diverse. The extreme case purely uses passive fixed arrayed antenna to achieve high electrical performance and mounts it onto a movable stage for beam scanning purpose [25] . A flat array antenna has a limitation of scanning loss factor, which is inversely proportional to the sine of the scan angle. Keeping the mechanical way to implement beam scanning can avoid this limitation. The antenna volume and scanning speed do not benefit much from antenna array. Another case employs PAA with 1D beam steerability for elevation angle scanning [26] . The azimuth angle scanning is still realized mechanically. For instance, the company MOST replaced the squeezed dish in Figure 2 by slot array antenna but still inherited the mechanical goodies in their latest terminals for the enabling technology of high throughput satellite (HTS). This partial use is sufficient to reduce the antenna system height. The ideal case is to implement both elevation and azimuth angles scanning in a fully electronic way. Without the need of any mechanical moving parts, the resulting beam direction can be controlled and directed instantaneously towards any direction.
It should be emphasized that advanced digital processors greatly stimulated the growth of PAA [27] [28] [29] . In digital beam forming architectures, the received/transmitted signals down/upconverted from/to each radiator are digitalized at baseband and directly processed in a computational and programmable environment, such as DSP and FPGA. The progressive phase shift between antenna elements is controlled in the digital domain so that analog phase shifting is unnecessary. Because the beam forming is performed within the digital unit, various signal processing operations are available. Hence, digital beam forming is regarded as the most flexible and versatile scheme for PAA, which can accomplish sidelobe minimization, interference cancelation, and multibeam formation without changing any physical architecture.
PAA suitable for SatCom is due to its potential flatness. The modules are usually fabricated on multilayered printed circuit boards (PCBs) [30, 31] . Adopting conformal design for arrayed antenna also allows being hosted on the fuselage of an aircraft or the superstructure of yacht [32, 33] . Another feature is the scalability because of its modular nature [34] . Once the first module prototype is demonstrated, more modules can be added within minimum down time. This is important to reduce the development cost and extend the application scenarios. The disadvantage of PAA, however, is their large hardware footprint and high cost for the dedicated transceiver module. The phase shifters have to be properly designed to prohibit the beam squinting in which the beam direction may considerably differ at receiving and transmitting frequencies. PAAs also diminish in efficiency at millimeter-wave frequencies due to the use of transmissionline feeding networks which become increasingly lossy at high frequencies [35] . All in all, the key challenge has been to miniaturise all the components involved and improve the performance while reducing the manufacturing cost to an economical level.
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Reflectarray
It has been long time since reflectarray became a category of antenna to planarize parabolic dish antennas [36, 37] . However, flat reflectarray that leverages on printed circuit technology is fairly new. The most critical segment in a microstrip reflectarray is an ultrathin, flat reflecting surface, which is composed of many adjustable microstrip structures (typically as textured metallic surface) and illuminated by a feeding source suspended above. In order for high gain toward a special direction, the phase delay over the path from the illuminating feed is compensated by the tunable microstrip patches to satisfy the condition for constructive interference in a targeted radiation angle. The microwave shines on the reflecting surface, experiences phase compensation, and reradiates the energy into space. The use of reflectarray for SatCom application had been vividly depicted in Figure 3 in the work scope of the RETINA (reliable, tunable, inexpensive antenna by collective fabrication processes) project supported by the European Commission [38] . The team aims at producing a reliable and low-cost SatCom system for aircraft. The system is designed to provide in-flight internet services related to passenger web connectivity and safety. The placement of the reflectarray is very impressive because very limited bulky part protrudes from the aircraft fuselage to affect the aerodynamic performance.
The capability of individual elements in the reflectarray is of great importance to compensate for the phase differences of the incoming spherical wave from the feed. The phase shift can be achieved by either resonant or nonresonant structures [39] . The resonant way usually uses tunable resonators with simple metallic patches loaded, where the phase changes rapidly around the resonant frequency due to the change of effective electrical length. Because of the high frequency dependence of resonating effect, this method has limited bandwidth. The nonresonant way is equivalent to using a section of tunable transmission line, where the phase shift changes by varying the transmission line length. An equivalent transmission line perpendicular to the reflection surface is usually implemented with multiple stacked layers, which are lossy and complicated in geometry and are not friendly to accommodate tunable elements. Hence, the resonant way is more popular in demonstrations.
At a given frequency, the phase change should be tunable over an entire phase period of 360 ∘ to sufficiently compensate any possible phase delay. On the other hand, a slower slope of phase change versus frequency is also desired, which can benefit device manufacturing and operation bandwidth. Early resonator-based designs are mostly limited to 180 ∘ . It was found that a single-layer structure with multiple resonance elements is able to offer a linear and slowly varying phase change over a broad phase range, which covers full 360 ∘ [40, 41] .
The resonator-based reflectarray is very much similar to the frequency selective surface (FSS) which alters its electromagnetic properties from an electrical conductor to an artificial magnetic surface. The main difference should be in physical dimension. The latter actually falls into the metamaterials category that we will mention later. We believe that using FSS as reflection surface is helpful to suppress surface wave and improve the radiation beam quality in sidelobe. This direction deserves deep exploration.
Compared to PAA, the spatial feeding method eliminates the energy loss and design complexity of a feeding network. The phase adjustment capability of microstrip allows the reflective surface to maintain flat or conformal to its mounting structure without consuming a significant amount of volume and mass. The low bandwidth performance is the main factor that limits the usage of reflectarray [42] . The bandwidth is affected mainly by the narrow-bandwidth patch elements, the phase errors related to the patch size change, and also by the feed antenna bandwidth, the array element spacing, and dielectric materials of the reflectarray substrate [43] . In addition, reflectarray antenna may also have a null radiation angle towards the feeding horn. It remains a challenge to broaden the scanning range of elevation angles.
Metamaterials Antenna
Metamaterial (MTM), as an emerging technology, has been extensively investigated in the past decade. MTMs exhibit unique macroscopic properties that natural materials do not have, for example, material with simultaneous negative permittivity and permeability [44] . In geometry, they are usually in the form of engineered structures. For example, LHMs were experimentally demonstrated by incorporating split-ring resonators (SRRs) and metallic thin-wires [45] . Just like the role of atomic structure to macroscopic properties of a material, the structure of unit cell is decisive to the homogenous properties of a metamaterial. If certain tunable element (e.g., varactor, diode) is embedded into the unit cell, the structural or electrical parameters change will be reflected by the macroscopic properties of the MTM, such as effective permittivity/permeability and amplitude/phase retardation per unit length. Consequently, the advent of MTM enlightened RF designer about the miniaturization and functionalization of antenna.
The main difference of MTM from PAA is that the former physically reduces the size and spacing of the constituent units to < /4. As a result, MTM behaves like a material having homogenous properties, which reacts to microwave through the internal change of the units. The homogenous properties of MTM can be varied by slightly modifying the constituent units that is so-called "meta-atoms," which potentially consumes much less power than phase shifts that perform similar function. By large, the ways of inclusion of MTM fall into the following categories.
Gradient Index Scheme. Gradient index materials (GRIN)
, functional materials with gradient spatial distribution of refractive index, have been widely used in imaging optics to control and manipulate light. Recently the concept of GRIN materials has been extended to microwave frequency range at which matured technologies are available to change the MTM atoms enabling this. The GRIN MTM is actually a branch of transformal electromagnetics [46] , which is intended to change the ray trajectories in various special ways, such as extreme MTM lens [47] and artificial black holes [48] . However, of SatCom's interest is planar GRIN MTM slab lens, preferably manufacturable by multilayered PCB technologies. The ultimate goal is to collimate waves from a feed source into a pencil beam.
A GRIN MTM slab that monotonically changes phase front can be formed by progressively varying the geometry of successive MTM metallic inclusions. According to geometrical optics, a plane wave passing through a planar GRIN slab acquires different phase retardation normal to slab plane. The beam deflection angle is related to the gradient index / by ≈ arcsin ( / ), where is the GRIN slab thickness [49] . Figure 4(a) shows an exemplified GRIN MTM slab in [50, 51] where a capacitive and an inductive grid are separated by a core layer. With the aid of CST microwave studio, the transmission of Floquet mode through a unit cell can be calculated by imposing periodic boundary conditions. The amplitude and phase of the parameters are shown in Figures  4(b) and 4(c) , respectively. The maxima of the 21 parameter in Figure 4 (b) indicate the resonant effect of the fundamental Floquet mode while passing through the MTM unit cell. In the vicinity of the resonant frequency, the transmission phase changes rapidly with the structural parameters or electrically tunable elements. Figure 4(c) shows that the transmission phase just has half of the changing range of the reflection phase. As known from the last section, the reflection phase change is a problem yet. This problem for transmission phase change becomes more severe. This is the main constrain of using GRIN slab for beam scanning. In principle, the transmission phase change range can be enhanced by stacking multilayers [52] . However, additional layers may cause significant microwave attenuation. There is little work to address this issue so far.
In experiment, the transmission and reflection properties of a GRIN MTM slab are usually verified by a horn antenna [53] . Apart from a large phase range, a low reflection which causes permanent energy loss is also necessary to improve the antenna efficiency. The impedance matching at the interfaces of GRIN slab is very critical to the beam forming quality [54] . In practice, a low-profile flat-panel design prefers to use microstrip antenna as the radiator instead. The realistic cases mostly use GRIN MTM slab as a partial reflection surface to form a low-profile cavity where a microstrip patch antenna as feeding source is placed between two reflecting surfaces [50, 51] . The total reflection surface forming the cavity can be either the ground plane of the microstrip antenna or a high impedance electromagnetic surface. Figure 5(a) shows an example of such cavity [50, 55] where varactors are placed across the gaps to vary the capacitance. Figure 5(b) shows varactor biasing networks where the partial reflection surface is divided into many regions that can be independently biased. The gain patterns in Figure 5 (c) clearly show that beam steering is achieved by raising the biasing voltage, although the steering angle is small.
Because the unit cell size is finite and not infinitely small, the electrical length of the beam shining on the GRIN MTM slab has to be at the scale of several wavelengths. This is not easy for a single microstrip antenna without sufficient diffraction in free space. References [56, 57] employed a 2 × 2 antenna array as the source to increase the radiating aperture so that the directivity is dramatically enhanced. The simulation model and prototype are shown in Figures 5(d) and 5(e), respectively. It should be noted that the increase of array antenna number does not lead to a large beam steering angle because the arrayed factor is only determined by the phase difference of antennas. Before effectively enhancing the rangeability of the transmission phase change greater than 360 ∘ , the beam steering angle is always a big problem of this scheme for SatCom use. We think that it should be more efficient to form a cavity for beam steering by using a GRIN total reflection surface rather than a GRIN partial reflection surface [58] . This unproved idea is left as an open issue here.
Leaky Wave Scheme.
Both the reflectarray and superstrate schemes separate the antenna feed and beam steerer and thus the microwave diffraction region in between increases the overall antenna volume. An ideal way is to integrate beam radiation and shaping functions. Leaky wave (LW) scheme may be a good option in that a leaky mode in a transmission line may travel to some distance with a fixed propagation constant and gradually couple energy out. The distributed LW radiation produces a focused beam and International Journal of Antennas and Propagation results in a highly directive gain. Recent activities in LW antenna have been stimulated by the surge of interest in MTMs, which has motivated new types of MTM structures as well as new ways to construct LW antenna. For radiation in both forward and backward direction, conventional LW antenna regularly operates with harmonics which requires complex narrow-band feeding circuits and fails to radiate a true broadside radiation pattern. To overcome this, the socalled composite right/left-handed (CRLH) transmission line (TL) was proposed to explore full-angle beam scanning.
In general, a lossless CRLH TL can be described by an equivalent circuit with four lumped parameters: series inductance , shunt capacitance , series capacitance , and shunt inductance [59] . In a conventional TL, for example, the microstrip TL, the fundamental mode only has the first two elements in the equivalent circuit and corresponds to the right-handed (RH) branch of the dispersion curve. The RH branch has positive phase velocity and corresponds to forward wave propagation. In contrast, the latter two elements are correspondent to the left-handed (LH) branch for backward wave propagation. The two branches of dispersion curves reach the series resonant frequency se and shunt resonant frequency sh , respectively, while approaching the Γ point for broadside radiation. By appropriately structuring a CRLH TL, it is possible to make them identical so that a smooth transition from the LH branch to the RH branch of the dispersion curve makes a perfect broadside radiation as well as the full-angle radiation [60] . Early demonstrations of beam steering with MTM LW antenna were mostly by frequency scanning, which has no mechanical device and low complexity of circuitry and wiring. Without any tunable element, the dispersion diagram that describes the relationship between frequency and propagation constant can be numerically simulated one time to predict the beam radiation angle. However, for bandwidth reason, beam scanning at a fixed frequency is certainly desired for SatCom. Figure 6 shows an important demonstration of an electronically steerable leaky wave antenna [61] [62] [63] . The antenna is based on the classical 2D CRLH transmission line, for example, mushroom structure. Varactor diodes incorporated inside allow electronic controlling of the reflection phase and the surface wave properties. Because the MTM cell is less than a quarter of wavelength, there is much great freedom to independently control the magnitude and phase of the leaky wave to optimize the effective aperture over the entire scanning range.
The way of arranging and feeding CRLH LW structures makes the radiation beam shape different. A 1D CRLH TL LW antenna makes a fan-shaped beam narrow in the scanning plane and fat in the transverse plane. Exciting a 2D CRLH TL LW antenna from the center makes a conical beam. A pencilshaped beam in the need of SatCom can be achieved by placing many 1D CRLH LW structures parallelly in a row [65] . The narrow beam in the transverse plane is a result of phased array. It should be noted that 2D CRLH TL LW antenna shown in Figure 6 is azimuthally isotropic and effectively homogeneous. In theory, feeding a circularly shaped 2D CRLH TL from any azimuthal angle can achieve 1D fullangle beam steering within the corresponding propagation plane. In this way, an azimuthally switchable antenna can be achieved although this does not fully meet the requirement of continuous scanning for practical SatCom use.
Scatterer Scheme.
The last, but probably the most impactful scheme of using MTMs, is the scattering scheme by which a new start-up Kymeta commercialized their solution to MOST [66] . The basic concept of scatterer scheme is to realize high gain beam steering by selectively switching on/off thousands of waveguide-fed tiny microresonators. The basic antenna architecture consists of a wave-propagating structure and many surface scattering elements in the proximity. The antenna reconfigurability is achieved by coupling and decoupling the scattering elements and the wave-propagating structure. A snap shot of the animation provided by [67] is shown in Figure 7 . It can be seen that the surface wave propagating in the waveguide locally radiates out by activating the MTM cells to form a reconfigurable grating. The pattern of the activation determines the shape and direction of the radiated beam. Changing the pattern of activated elements changes the shape and direction of the beam.
There are many different terminologies in media or literatures to describe this technology, such as surface scattering antenna and holographic antenna. Actually the fundamental idea is very similar to the leaky wave antenna concept in the previous section. If there is any difference, in a narrow sense, a leaky wave antenna is inclined to be with a regular transmission line which guides leaky but stable Bloch modes with complex propagation constant. A half-width leaky wave antenna connected with a set of computer-controlled switches is numerically simulated to realize configurability in a digital control manner [68] .
It is the advanced digital circuit that permits thousands of switches to be arbitrarily switched on/off. However, a large number of switches mean that the possible combinations easily amount to an astronomical figure. Moreover, the mutual coupling between adjacent MTM cells makes the radiation problem more complicated. An efficient algorithm is badly needed to know the activation pattern for various beam steering angles before putting the antenna into use. Johnson et al. derived a discrete-dipole approximation (DDA) model to quickly predict the radiation of a 2D MTMs at a much reduced computational cost to full-wave simulation and at much greater fidelity than those precedent models [69] . Aside from beam steering angle, the sidelobe is also an important criterion to optimize the radiation pattern. An optimization algorithm for the far field pattern has been developed to suppress sidelobe in software without any onadaptive hardware modification [70] .
Trends and Challenges
Exploring new schemes and conducting system-level optimization are undoubtfully the future trends in common. In this paper, we specially highlighted the "metamaterials" approaches not because of its popularity in academic society but its potential in the next generation of SatCom antenna. It can be easily understood by recalling the procedure of beam shaping. Given a complete description of the desired pattern, the excitation distribution of a continuous or a discrete source antenna system can be determined by Fourier transform method [71] . According to sampling theorem, the antenna (discrete microwave source) spacing and tunability determine the quality of the reconstruction of the far field pattern, or say how closely the reconstructed far field pattern approximates to the desired pattern. Ideally the spacing and size of the elemental radiators are sufficiently small and both their amplitude and phase are arbitrarily tunable. This is a general design guideline no matter how to technically engineer the near field pattern, using dish, reflector, superstrate, and whatever. MTMs set a direction flag to acquire finer and exquisite tunability in the near field. The future SatCom antenna may seek the largest freedom of tunability under the constraint of the current fabrication technologies and the processing capability of peripheral controlling circuit. Another straightforward guideline is to simplify the system as much as possible. The fewer the component, the RF signal passes through, the less the microwave attenuation, the power consumption, and the heat production. In the following text, we briefly talk about a few trends and challenges from the aspect of engineering.
6.1. Customization. We reviewed various implementation schemes of MOST antenna with common considerations. However, the service diversity of MOST actually needs to customize the antenna designs to suit mechanical requirements associated with construction strength and easy installation. In this way, different specifications are not of the same importance so that compromise can be made to take care of the critical ones. Land vehicles call for low profile and lightweight antenna equipment to share the limited space with many other functional antennas and maintain the beauty of framework. On shipborne terminals, the space for antenna installation is comfortable, but all ship antennas suffer stress from vibration and sloping by strong wins and corrosion from sea salt [72] . Protective measures should be taken. Besides, in some cases (e.g., a large ocean-going ship) in which only transmitting or receiving function is required, very simple low-gain omnidirectional antennas operating at -band or -band are also acceptable at the expense of bandwidth [73] . On trains communicating with geostationary satellite solution, the tracking of the satellite on the move requires different antenna elevation angles which are dependent on the location of the antenna relative to the equator above which the satellite is located. Antenna must have a wide elevation angle range to ensure maximal flexibility in choosing the satellite of operation [74] . The selection, customization, and system-level simulation of SatCom antenna will be more and more sophisticated as the mechanics, platforms, functions, and services become diverse.
Capacity Enhancement.
SatCom service provider is looking forward to the bandwidth enhancement through raising the operating frequency at band or beyond (e.g., V band) [75, 76] . Unfortunately, the severe signal fading above 10 GHz due to the strong attenuation through atmosphere deteriorates the quality of service and hardly satisfies the availability recommended by ITU. Hence, fade mitigation technique (FMT) is vital to make these operation frequency feasible for MOST. Reference [77] outlined a variety of FMTs for SatCom systems operating in the 10 GHz to 50 GHz spectral region. For example, among them, the frequency diversity technique uses high frequency normally and switches over to spare channels at lower frequency band when deep fades occur. For such switching capability, the reconfigurability deserves special attention for antennas on the ground mobile terminals.
The multiple-input multiple-output (MIMO) technology is another attractive approach to enhancing SatCom capacity. Because of the promise of very high data rates at no cost of extra spectrum and transmit power, the success of MIMO technology in terrestrial communications stimulated its application in SatCom to benefit the spatial multiplexing and diversity [78, 79] . The multiple elemental antenna must be compact enough to fit user equipment, supportive to multiband operation, and well isolated from mutual interference [80] . Also, the large ground antenna separation in the need of the long-distance SatCom links is also expected to be minimized [81] .
Reconfigurability.
The antenna reconfigurability is valuable because it means that, after leaving the factory, the operation frequency and/or radiation properties can still be dynamically modified in a controllable and reversible manner to respond to the operating requirements. Although many physical mechanisms had been proposed to enable this, only a few technologies are relatively matured in industry, such as varactors, PIN diode switches, RF MEMS switches, and liquid crystals. The pros and cons had been extensively discussed in previous publications [39, 82, 83] . For brevity, we only highlight those critical aspects related to the SatCom applications according to our limited experience. The selection of tunable elements has to consider the following factors: analog or digital control, multiple-end or single-ended biasing, operation voltage, linearity, component size, self-resonating frequency, voltage or current constraint, power consumption, and readiness of fabrication technology. In general, it is not easy to implement analog signals if hundreds of inputs are required. Digital control is substantially flexible. Varactor mainly features in low power consumption and high speed operation because the PN junction inside is reversely biased and carrier depletion effect is used. The PIN diode is suitable to dynamically open/short a circuit with a moderate biasing voltage (typically < 10 V). But the performance becomes poor as frequency increases because of the limitation of carrier lifetime. The MEMS switch can achieve very high isolation for ideal on/off switching but the action of switching is slow and the biasing voltage is usually very high (typically > 20V). Liquid crystal is attractive because of its simple biasing network. But high voltage biasing and special filling process are needed [84] . All these enabling technologies are still experiencing development to remedy their own defect.
Dense Integration.
Highly monolithic microwave integrated circuits (MMIC) integration definitely represents a future trend to construct SatCom antenna. The integration of microwave components into a single chip outperforms an assembled system in time, cost, efficiency, reliability, complexity, and, more importantly, compactness [28, 30, 85] . The merits of MMIC have been identified on GaAs platform by nearly 30 years [86] . But one thing that changes the world is the advancement of Si-based technologies [33, 87] . The conventional constraint of using Si technologies in speed had been solved by transistor size reduction. The advantage of using Si becomes prominent due to the low fabrication cost and matured fabrication technology. It should be noted that the mainstream Si wafer size is as large as 8 or 12 inch, which is comparable to the aperture of a SatCom antenna at or above band. It is an ambitious but possible idea to use a full Si wafer for SatCom purpose in the future. Finally, microwave photonics had experienced rapid growth on Si platform. The merging of microwave and photonics offers a large possibility to further push SatCom antenna technology to smaller dimension and more novel functions. Some interesting proposal and demonstrations are in progress [88, 89] .
Conclusion
Because of the particularities, satellite communication has special needs in antenna size/weight, gain, sidelobe level, mobility, and so forth. Within a limited radiation aperture, high gain should be maintained in all possible linking directions. In addition, sidelobe suppression should be implemented to avoid signal leakage or undesired crosstalk. Fast tracking speed must be achieved to set up the link and conquer any accidental disturbance during communication. All these requirements call for careful consideration in the planning stage including the fundamental concept. This paper reviewed the major methodologies in literatures to achieve dynamic beam scanning for the mobile satellite communications purpose and attempted to understand the obstacles or the last mile of each toward realistic application.
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